The Lippmann-Schwinger equation for the nucleon-nucleon t-matrix as well as the corresponding Bethe-Goldstone equation to determine the Brueckner reaction matrix in nuclear matter are reformulated in terms of the resolvents for the total two-nucleon Hamiltonians defined in free space and in medium correspondingly. This allows to find solutions at many energies simultaneously by using the respective Hamiltonian matrix diagonalization in the stationary wave packet basis. Among other important advantages, this approach simplifies greatly the whole computation procedures both for coupled-channel t-matrix and the Brueckner reaction matrix. Therefore this principally novel scheme is expected to be especially useful for self-consistent nuclear matter calculations because it allows to accelerate in a high degree single-particle potential iterations. Furthermore the method provides direct access to the properties of possible two-nucleon bound states in the nuclear medium. The comparison between reaction matrices found via the numerical solution of the Bethe-Goldstone integral equation and the straightforward Hamiltonian diagonalization shows a high accuracy of the method suggested. The proposed fully discrete approach opens a new way to an accurate treatment of two-and three-particle correlations in nuclear matter on the basis of three-particle Bethe-Faddeev equation by an effective Hamiltonian diagonalization procedure.
I. INTRODUCTION
The conventional treatment of quantum problems with continuous spectrum (e.g. few-body scattering problems) uses either the differential Schroedinger-type equation with the appropriate boundary conditions or employs an integral equation of the Lippmann-Schwingeror Faddeev-type [1] . A rather similar formalism is used in the nuclear matter calculations within the BruecknerBethe-Goldstone approach [2] [3] [4] [5] [6] [7] for finding the Brueckner reaction matrix to treat strong two-or few-particle correlations in many-nucleon system. However, there are alternative approaches in quantum scattering which allow to evaluate scattering observables as well as the fully off-shell transition operator by using some spectral properties of the Hamiltonian. In this alternative way, one employs a finite-dimensional approximation for the spectral expansion of the total resolvent within the continuum discretization technique [8] or uses another L 2 -type approach [9] [10] [11] [12] . By using this approximation, the initial Lippmann-Schwinger equation for the scattering t-matrix is rewritten in a form which includes the total resolvent expressed as a finite sum over the total Hamiltonian bound-and pseudostates. Thus, a single Hamiltonian matrix diagonalization makes it possible to determine scattering observables for all necessary ener-gies in a very broad interval. This discrete way for solving a single-channel scattering problem becomes even more efficient in a coupled-channel case because it results in getting the multi-channel off-shell t matrix at many energies simultaneously.
Keeping in mind that the Bethe-Goldstone equation (BGE) for the reaction matrix in nuclear matter differs from the Lippmann-Schwinger equation (LSE) by the presence of the Pauli-projection operator in its kernel, one can try to replace the solution of the BGE also with a straightforward diagonalization procedure of the respective Hamiltonian matrix calculated on the appropriate basis.
The specific feature of the nuclear matter calculations is that one has to solve the respective integral BGE many times to obtain the reaction matrix for the various values of relative and center-of-mass momenta and energies needed to evaluate e.g. the single-particle potential in a derivation of the equation of state (EOS) [2, 3] . We keep in mind that one employs usually an iterative procedure to calculate the single-particle potential in a selfconsistent way. Thus, to find the EOS one has to carry out quite a few iteration steps to attain a self-consistent solution for solving the Bethe-Goldstone integral equation at many energies [3] . These self-consistent iterations are time-consuming but still feasible on modern computer systems. The numerical efforts, however, increase considerably if one tries to account for an accurate treatment of three-body correlations in nuclear matter using twoand three-body forces on the basis of the Bethe-Faddeev equations [7] . Therefore it is highly desirable to develop efficient tools for the solution of these equations.
Thus, in the present paper we employ the wavepacket continuum discretization technique [8] to carry out single-and coupled-channel scattering calculations with realistic N N interaction in vacuum as well as in medium by using finite-dimensional approximation for the total resolvent. This technique leads to an efficient way of solving the two-nucleon (NN) problem with continuous single-particle spectra. In addition, this method will also give explicit access to the properties of the bound and quasi-bound states of two nucleons in vacuum as well as in infinite matter (see e.g. the discussion of possible di-neutron states in neutron matter [13] and references cited there).
The structure of the paper is the following: In Section II, we explain in detail our approach to finding fully off-shell t-matrix at many energies simultaneously via a direct diagonalization of the total Hamiltonian matrix by using the basis of stationary wave packets. Further, in Section III, this approach is generalized to the solution for the Bethe-Goldstone equation in nuclear matter. This alternative way turned out to be simpler and faster as compared to the conventional approach as is demonstrated in Section IV which contains some illustrative examples. This section also includes a discussion of bound two-nucleon states in the medium of nuclear matter. The summary is given in Section V. For the reader's convenience we have added the Appendix with some details of the discrete coupled-channel formalism.
II. SINGLE-AND COUPLED-CHANNEL SCATTERING PROBLEM IN A DISCRETE REPRESENTATION
A. t-matrix for a two-body scattering problem
Let us start with a reminding some well-known formulas from the quantum scattering theory [1] . The integral Lippmann-Schwinger equation for the transition operator in momentum representation (t-matrix) corresponding to a scattering of two particles with momenta k 1 and k 2 has the following form:
where k = k 2 − k 1 (and also k ′ , k ′′ ) is the relative momentum of the particles, V is an interaction potential, µ is the reduced mass and the center of mass momentum dependence is assumed to be separated out.
In operator form, eq. (1) is written
whereĝ 0 (E) = [E + i0 −ĥ 0 ] −1 is the resolvent of the free Hamiltonianĥ 0 (the kinetic energy operator) or the Greens function for the non-interacting particles.
Alternatively one can introduce the resolventĝ(E) = [E + i0 −ĥ] −1 of the total Hamiltonianĥ =ĥ 0 +V including the interaction. This total resolvent is related to the free resolventĝ 0 (E) by the well-known identity:
If one knows the total resolventĝ(E), the transition operator (2) can be evaluated straightforwardly from the relation:t
At first glance the evaluation of the total resolvent from the integral eq. (3) seems to be a more complicated task than the calculation of the half-shell t-matrix through the integral equation (2) at a single fixed energy. However, there are some L 2 techniques [8] [9] [10] [11] [12] which allow to find a finite-dimensional approximation forĝ(E) and calculate the t-matrix elements directly using the relation (4). These finite-dimensional approximations are usually based on a spectral expansion of the total resolvent using a complete set of states for the total Hamiltonianĥ, i.e. using its bound {|ψ α n } and continuum states {|ψ α (E) }:
where α are appropriate quantum numbers referring to operators which commute with the Hamiltonian. Approximating the spectral expansion (5) by a finite sum over the Hamiltonianĥ pseudostates {|z α k } found in some appropriate L 2 basis [8, 9] , one gets the following finite-dimensional form for the total resolvent g(E):
Here g α k (E) are complex functions which depend on energy E and pseudostate energies {E α k } only. So this expansion allows to find the resolventĝ(E) and, furthermore, the off-shell t-matrix at any energy E by using only a single diagonalization of the total Hamiltonian matrix for each channel α (only functions g α k (E) should be recalculated which is straightforward).
It should be mentioned that this "spectral" scheme is very convenient because it allows to use any complete system of eigenstates of the total Hamiltonian, such as standing wave scattering functions [1] which are real valued. In other words, the spectral expansion does not require an accurate treatment of boundary conditions for states in the numerator of (5) (that is why the pseudostates can successfully be used here). Below, we use for this purpose the method of the wave-packet continuum discretization (WPCD) developed by present authors in previous years [8] . This general approach has been demonstrated [8, 14] to be fully applicable for a coupled-channel interaction case as well (see also the Appendix to the present paper).
One of the main purposes of this paper is a careful testing of the diagonalization procedure for construction of the coupled-channel t-matrix for some realistic cases and also the generalization of such a diagonalization approach to the solution of the Bethe-Goldstone type equation widely used in nuclear matter calculations. So that, below we discuss the case of N N scattering with the realistic interaction including strong tensor components which results in coupled-channel equations. However, the scheme discussed is applicable also for other types of coupled-channel problems, e.g. arising in a coupledchannel reduction for some few-body scattering problems [15] . In this development, we apply a partial-wave expansion for antisymmetrized wave functions and operators over the plane wave states |k with definite orbital momentum l, spin s and total angular momentum j for the interacting nucleons (the isospin value τ is determined by the l and s values, so we omit it here to simplify notations).
Then, after the partial-wave projection, the integral LSE (1) takes the following form for given values of j and s (those are conserved for the N N Hamiltonian):
Apart of the total angular momentum and spin, the parity is also conserved for the N N potential. Thus, the eq. (7) is either a set of two coupled integral equations for the spin-triplet case s = 1 (for l, l ′ = |j − 1|, j + 1) or an uncoupled equation for the spin-singlet (s = 0) and the spin-triplet (s = 1) channels with l = j.
To find the single-and coupled-channel t-matrices, we introduce at first a partition of the continuum for the free Hamiltonianĥ 0 onto non-overlapping energy intervals (bins)
1 and then construct the stationary wave-packet (WP) basis functions |x l i ; α as integrals of free plane waves |k over these bins with inclusion of the necessary spin-angular parts |α ≡ |l, s : j [8] :
It is easy to see that the WP states (8) form an orthonormal basis:
In such a basis, a simple finite-dimensional representation for the free resolventĝ 0 (E) takes the form [8] :
where the complex functions g i (E) can be found from the formula (A5) of the Appendix and depend on the discretization parameters E i and total energy E only [8] .
Projecting out the eq. (7) onto such a discrete basis, one gets the matrix equation for the coupled-channel tmatrix (and the corresponding eqs. for uncoupled cases):
′ are matrix elements of the interaction and transition operator, respectively.
The off-shell t-matrix can be found from the solution of the matrix eq. (11):
where D i = E i − E i−1 are widths of the corresponding energy intervals . The respective S-matrix is derived from the diagonal element of the WP t-matrix:
However, such a procedure requires a separate matrix inversion at every energy E considered. So that, if one needs to evaluate the coupled-channel t-matrix at many energies (e.g. for any Faddeev or Faddeev-Yakubovsky calculation) the above direct way turns out rather timeconsuming. This problem is also important in case of nuclear matter calculations where one has to calculate the reaction matrix for various center-of-mass momenta and also to carry out the numerous iterations to reach the self-consistency.
Thus, below we will show how to evaluate the off-shell t-matrix without solving the scattering equations for each energy by using the Hamiltonian matrix diagonalization in an appropriate model space.
For fixed values of j and s, the total Hamiltonian can be written as a coupled-channel operator:
with a dimension d equal to 1 or 2 for uncoupled and coupled cases correspondingly. The general idea of the wave-packet approach to find the total resolvent of some Hamiltonianĥ is a discretization of its continuum similarly to the free Hamiltonian case and a construction of the scattering wave-packets by the eq. (A1) from the exact scattering wave functions. In this new WP representation, the resolvent of the Hamiltonianĥ has a diagonal form with known eigenvalues (see ref. [8] and the Appendix to the present paper). At the next step, the scattering WPs are approximated by pseudostates of the total Hamiltonian found in a free WP basis. Thus, by using the same free WP basis and employing the total Hamiltonian matrix diagonalization procedure, one can find finite-dimensional approximations both for the free and total Hamiltonian resolventsĝ 0 and g respectively.
Being fully straightforward for a single-channel total Hamiltonian, this diagonalization approach requires some special consideration in a coupled-channel case because the continuous spectra of the free and total Hamiltonians are degenerated. So that, one has two different scattering wave functions at each energy E corresponding to different initial states. The ordinary pseudostate technique does not allow to distinguish these different channel states. However, we have shown previously that special eigenchannel representation formalism can be employed here [8] .
Indeed, one can introduce two different types of scattering states for the Hamiltonian (14) at given energy E: the scattering states |ψ l (E) (which include also spinangular parts) corresponding to the incoming waves with a definite orbital momentum l and the scattering states |ψ κ (E) defined in the so-called eigenchannel representation (ER) (which corresponds to a diagonal form of the total S-matrix [14, 16] ), where κ is an eigenchannel index. For example, in case of the coupled-channel triplet N N interaction, the scattering states |ψ κ (E) are linear combinations of the states |ψ l (E) , e.g. eigenchannel states for the coupled channels
Further, by making use of the above eigenchannel representation in a coupled-channel case, one gets the following spectral expansion for the resolvent of the total 2 In nuclear physics, a conventional notation for these pair eigenstates is adopted as the so-called α state and β state. Here we use the general index κ.
Hamiltonianĝ(E):
which is diagonal with respect to the eigenchannel index κ. In the eq. (15), ǫ b is an energy of the bound state |z b (the deuteron). In the N N system, the bound-state term takes place for the triplet with j = 1 channel, only. In order to use further the WP technique with the pseudostate approximation, one has to prepare the discretization partitions of spectra in different coupled spinangular channels in such a way that a coupled-channel free Hamiltonian matrix would have a degenerate discrete spectrum [8, 14] . After switching on the interaction, these multiple discrete energy levels are split and form a set of paired levels (for two coupled channels [14] ). So that, one can group the resulted coupled-channel pseudostates into two branches in the eigenchannel representation. We have shown [14] that such pseudostates obtained in the free WP basis can easily be related to scattering wave functions |ψ κ (E) . More definitely, these pseudostates can be considered as approximations for the multichannel scattering wave packets constructed from exact scattering wave functions (defined in the ER) of the coupledchannel total Hamiltonianĥ ll ′ (see the eq. (A8) in the Appendix).
Thus, the diagonalization of the total Hamiltonian (14) matrix in the two-channel free WP basis {|x |z
Here κ is an eigenchannel index and the total spinangular part has the formα = {κ, s, j}.
With such a treatment of the multichannel pseudostates, a finite-dimensional representation for the total resolvent takes a diagonal form [8] both for a single-and a coupled-channel cases:
Moreover, the explicit formula for g κ k (E) is the same for both cases (see the Appendix).
Finally, the representation of the total resolvent as a finite spectral sum, as in the eq. (17), allows a direct evaluation of the multienergy off-shell t-matrix.
After carrying out the diagonalization procedure for the total Hamiltonian matrix at a fixed coupled-channel partial wave (j, s), the off-shell t-matrix is found from the explicit relation (instead of solving the eq. (11)): 
As an example for the application of diagonalization procedure to find the NN scattering amplitudes we present in Fig. 1 the partial phase shifts for the uncoupled spin-singlet and spin-triplet channels using the N N CD-Bonn potential [17] . To check the accuracy of the approach, we compare in this Figure the results of the direct solution for the integral Lippmann-Schwinger equation in a matrix form (11) (which has to be solved at the various energies independently) with results of a single diagonalization for the respective N N coupled-channel Hamiltonian in very broad energy interval of laboratory energy E lab from zero up to 800 MeV. It can be seen that the results for the direct and diagonalization solutions are almost indistinguishable from each other in the whole energy region studied. We have also added to the Fig. 1 the partial phase shifts evaluated for the Nijmegen II NN potential [18] . The phase shifts derived from the different potentials agree mainly in the energy region, in which they both were fitted to the experimental data. The different behavior of the phase shifts for energies above 350 MeV is well-known.
In Fig. 2 the coupled-channel phase shifts and mixing angle ε (in the Stapp parametrization) for the spin triplet channels of N N scattering with CD-Bonn potential are displayed and compared to solutions of the LippmannSchwinger equation in a matrix form eq. (11). The very good accuracy which the diagonalization technique can reach in scattering calculations is obvious also for the coupled-channel cases.
The clear advantage of the diagonalization technique as compared to the conventional solution of the LSE equation is evident, in particular, if one has to solve the LSE at many energies as it is in the case e.g. for the calculation of integral kernels of Faddeev-Yakubovsky threeand many-body integral equations. As an example we refer to the three-body discrete Faddeev calculations [8] , where we have used the finite-dimensional approximation for the total resolvent (17) derived from the Hamiltonian diagonalization procedure.
III. SOLVING THE BETHE-GOLDSTONE EQUATION BY A MATRIX DIAGONALIZATION
Let us consider a case of infinite symmetrical nuclear matter at zero temperature, where we study the respective Bethe-Goldstone integral equation for the Brueckner reaction matrix [2, 3] :
where 
which excludes particle states forbidden by the Pauli principle, so that k F is the Fermi momentum. Due to the appearance of the Pauli projection operator in the kernel of the eq. (20), the c.m. momentum K is not separated out here (as it was for the LSE) but it is still conserved. The eq. (20) is traditionally solved in the momentum space formed by the relative momentum k while the absolute value of the c.m. momentum K in the eq. (20) plays the role of an external parameter, in addition to the starting energy W 0 . In most of the calculations, the so-called angle-average approximation for the Pauli operator Q is assumed [2] :
where
If furthermore one considers a spectrum of particle-states defined by H 0 (k, K), which is also independent on the angle between the corresponding relative k and c.m. momentum K the Bethe-Goldstone equation is symmetric under rotation and can easily be solved in a partial wave expansion (see below) with matrix elements of the resulting reaction matrix diagonal in this partial wave basis with respect to j and s. In the present study, we will also take advantage of this angleaverage approximation. Note, however, that an extension of the formalism to an exact treatment of Q and an angle-dependent energy term H 0 is straightforward.
It should be stressed, that the operatorQ in this angleaverage approximation is not a projection operator because it does not satisfy the relationQ 2 =Q, but it can be considered in the relative momentum space as an operatorQ(K) depending on the c.m. momentum value.
The energies in the denominator of the eq. (20) W 0 and H 0 (k, K) are usually defined through the Brueckner Hartree Fock (BHF) single-particle (sp) energy
where the self-energy U is defined in terms of the reaction matrix itself:
In the last equation, the integral over k 2 should be restricted to the hole states. i.e. single-particle states inside the Fermi sphere [3] .
While the on-shell definition of the energy variable ω in eq. (23) is well established for the single-particle energies of the hole states by the Bethe-Brandow-Petschek theorem [19] , the corresponding choice for the spectrum of the particle states with momenta larger than k F , which are needed to define H 0 , has been a matter of a long discussion in the literature. Two different choices have been discussed:
• The conventional choice representing the singleparticle energies for the particle states by the kinetic energy only
2m .
With this choice one obtains a gap at k 1 = k F as the attractive single-particle potential U (k 1 ) defined in eq. (24) is taken into account for the hole states (k 1 < k F ) but is ignored for the particle states. Therefore this choice has also been denoted as the "gap" spectrum.
• The "continuous" or gap-less choice, in which the definition of the single-particle energy according to eq. (24) is also applied to the particle states with
The discussion of the optimal choice for the singleparticle potential has essentially been settled with the observation of Baldo et al. [20] demonstrating that the effect of three-nucleon correlations is reduced considering the continuous choice. Therefore this continuous choice has become the standard choice in BHF calculations.
In any case one obtains a monotonic rise of the singleparticle energy ε(k 1 ) as a function of the momentum k 1 and the matrix elements of T are complex only for energies ω and corresponding starting energies W 0 , which are needed for the evaluation of the particle states. This implies that the BHF single-particle potential (24) is real for the hole states with momenta k 1 < k F . For energies ω larger than the Fermi energy ε F = ε(k F ) the singleparticle potential U (k 1 ) yields an imaginary component and this complex self-energy U (k 1 , ω) has been used to evaluate the optical model potential for nucleon-nucleus scattering [21] .
Note that the solution of the Bethe-Goldstone eq. (20) and the evaluation of the single-particle potential eq. (24) must be done in a self-consistent way since the BGE requires the knowledge of the single-particle spectrum and the evaluation of the single-particle energies requires the knowledge of the reaction matrix T , that is the solution of the Bethe-Goldstone equation. The self-consistent solution can be obtained in an iterative way recalculating in each iteration step the single-particle spectrum until the resulting spectrum will agree with the spectrum which is used in the Bethe-Goldstone equation.
In this iteration procedure the single-particle spectrum to be used in eq. (20) has often been parameterized in terms of an effective mass m * :
This parametrization simplifies the iteration procedure and ensures that the energy denominators used in the Bethe-Goldstone eq. (20) do not depend on the angle between relative and c.m. momentum of the interacting pair of nucleons. This is a very useful feature together with the angle-average definition of the Pauli operator (22) . It has been observed [3] , however, that effectivemass parametrization is not very accurate (see also discussion below). When the iteration scheme discussed above is converged, the binding energy per nucleon (the equation of state) can be found with the resulting sp spectrum using the relation:
A. The resolvent operator
For a standard BHF calculation, it is sufficient to solve the BGE by means of standard techniques for solving integral equations as e.g. it has been introduced by Haftel and Tabakin [2] . Calculations beyond the standard BHF calculations, like the evaluation of the self-energy beyond lowest order hole-line expansion, or the solution of the three-body Bethe-Faddeev equation or the evaluation of the fully off-shell behaviour of the self-energy, all these require the determination of the reaction matrix at various starting energies. Thus, the discrete wave-packet representation should be useful for such multifold calculations, also it allows to obtain a different view on the solution of the Bethe-Goldstone equation. For this aim, we will take a brief look at the propagator for the Bethe-Goldstone equation or the resolvent operator for the corresponding total Hamiltonian.
Let us introduce the free Hamiltonian for two noninteracting nucleons in nuclear matter for a fixed value of the c.m. momentum K:
where |k are plane wave state for the relative momentum k and energy terms H 0 (k, K) = ε (|k − K|) + ε (|k + K|) are defined by means of a given sp potential.
Then, the eq. (20) can be rewritten in the operator formT
where the free resolventĜ 0 (K, W ) is defined as usually asĜ 0 (K, W ) = [W + i0 −Ĥ 0 (K)] −1 for the free Hamiltonian (27). Below we will omit the explicit dependence of operators on K where is possible in order to simplify notations.
It can easily be proven that if one introduces some operatorĜ(W ) which satisfies the operator equation:
then the solution of the eq. (28) (the reaction matrix) can be found from the formal relation
similarly to the ordinary t-matrix case. Thus, if one would find some convenient way for the evaluation of the operatorĜ(W ) then the reaction matrix could be calculated straightforwardly from the eq. (30).
For this purpose, let us introduce two orthogonal subspaces H Γ and H Q of the total momentum space H with respect to an action of the operatorQ(K). Here H Γ is the null space ofQ(K) (it includes the states |k for whicĥ Q(K)|k = 0), while H Q is its orthogonal complement (i.e. it includes the Pauli-allowed states). Below we will denote projections of the operators onto these subspaces with additional subindex Γ or Q respectively.
BecauseQ commutes withĜ 0 (W ), it becomes clear from the eq. (29) thatĜ(W ) commutes withQ too. Thus, the eq. (29) should be considered in the subspace H Q only. Due to the definition, the inverse operatorQ Then the eq. (29) can be rewritten in a symmetric form:Q
which is similar to the resolvent identity (3). So that, it is straightforward to derive the following explicit form for theĜ(K, W ) operator:
where the inverse operator is defined in H Q . Further, one can introduce the spectral expansion for the operator G(K, W ) in term of eigenstates of the following effective Hamiltonian H Q (K):
which is defined in the H Q (as well asĤ 0Q is a part of the free Hamiltonian (27) in H Q ).
The operator (31) is nothing else as an analog of the total resolvent operator g(E) used in an ordinary scattering problem. Finally, the reaction matrix can be found in this formalism using the explicit formula:
which is very convenient because the energy and Kdependencies are separated in it.
Thus, one can recognize in the final eq. (33) an analog of the eq. (4) for the transition operator in free space which relates the t-matrix and the total resolventĝ. So, in quite a similar manner, one can replace the multiple solutions of the BGE (20) at many values of relative momentum k with a single diagonalization of the Hamiltonian matrixĤ Q (K) in H Q subspace, no matter which particular form of the Pauli-exclusion operatorQ is used (i.e. the angle-averaged or the exact form).
B. Evaluation of the reaction matrix in the discrete WP representation
Here we apply the discrete formalism, developed in Section II, to derive the reaction matrix using a partial wave decomposition in the eq. (33). For our illustrative purpose, the angle averaged approximation forQ(K) operator [2] is used. In that case, its momentum eigenvalues do not depend on spin-angular quantum numbers and have the form displayed in eq. (22) .
Thus, the H Q subspace includes plane wave states with relative momentum k > k 0 (see eq. (22)) and it is convenient to introduce the discretization bins in such a way that the momentum k 0 should coincide to the endpoint of some bin. Thus, we have
sets as the bases for subspaces H Γ and H Q respectively and k N1 = k 2 F − K 2 . In case of the angle-averaged projector, the matrix elements of the operatorQ(K) can be found as follows:
If furthermore we assume that also the eigenvalues of the free HamiltonianĤ 0 are independent on the the angle between relative and c.m. momenta, the matrix elements of the effective Hamiltonian (32) take the form for a coupled-channel N N interaction:
[H]
where i, i ′ = N 1 + 1, . . . , N, l, l ′ = |j − s|, j + s (or l = l ′ = j for uncoupled channels), and [H 0 ] i is the matrix element of the free HamiltonianĤ 0 .
The continuous spectrum of the effective Hamiltonian (32) starts at the minimal value of H 0 (k, K) for the Pauliallowed space. This threshold value is equal to 2ε F . The diagonalization of this Hamiltonian matrix in H Q subspace results either in a set of one-channel pseudostates |z l k with energies E l k or in a set of coupled-channel pseudostates |z κ k with eigenvalues E κ k both expanded over the free WP basis (similarly to the case of the ordinary N N scattering in a free space discussed in Section II). Also the effective Hamiltonian may have bound-states, i.e. the states |z b n with energies E n which are located below the threshold (see below).
Thus, in the above discrete WP-representation, the total resolventĜ(K, W ) from eq. (31) can be approximated by the following superposition:
where the multiplicity of the continuum d is equal to 2 or 1. N eff is a number of pseudostates of the effective Hamiltonian in each channel.
Finally, by using eq. (33), one gets a simple relation for the Brueckner reaction matrix which is conveniently represented as sum of three termŝ
whereT b andT c correspond to bound-state and continuum contributions respectively. In the wave-packet partial wave representation they have the following forms:
T c,js
where the matrix elements of the interaction are calculated by using the following relations
and the similar formulas are for the bound-state part. Let us mention that it is not necessary to employ the WP basis states in H Γ subspace. The reaction matrix is determined from the eq. (37) in momentum representation in which the finite-dimensional approximation (36) via pseudostates forĜ(K, W ) is employed .
As is noted above (in particular for the so-called continuous choice of the energy spectrum of particle and hole states) the spectrum of the effective Hamiltonian (35) may exhibit eigenvalues E n , which are below the threshold of the continuum:
Such bound states can lead to numerical instabilities in conventional methods for solving the BHF equations, while they just receive special attention in the calculational scheme presented here according toT b term. These bound states embedded in the medium of nuclear matter are also of interest from physical point of view. They have been recently studied in the literature (see e.g. [22] ). For the calculational scheme presented here, these bound states are a kind of spin-off product and we will discuss them below.
IV. SOME ILLUSTRATIVE EXAMPLES FOR SYMMETRIC NUCLEAR MATTER
The examples which we are presenting in this section have been evaluated for isospin symmetric nuclear matter at various densities, which are described in terms of the corresponding Fermi momentum k F . The angle-average Pauli operator (22) is employed and we consider for this explorative presentation of the method the N N propagators with simple averages of the corresponding twonucleon energies, which are independent on the angle between relative and c.m. momenta, so that the solution of the Bethe-Goldstone equation can be done in the partial wave basis. All results have been obtained for the CD Bonn potential [17] considering just the protonneutron interaction in all channels.
A. Bound two-particle states
At first, we want to make a few remarks on the appearance of two-nucleon bound state configurations in the medium of nuclear matter. As already noted above these states emerge as a kind of byproduct in our calculations. From experiment one knows that in the vacuum there is only one bound state, the deuteron. It is of course a common feature of all realistic NN interactions that they reproduce this bound state at -2.224 MeV in the 3 S 1 − 3 D 1 channel and do not generate bound states in any other partial wave.
Naively, one may expect that the Pauli principle reduces the available phase space and therefore will make it more difficult to generate bound states. However, beside the NN interaction, a very important ingredient for the formation of bound states is the density of states close to the threshold. This density increases in nuclear matter with increasing Fermi momentum. Therefore the energy of the bound state, E κ k −2ε F becomes more attractive at low densities and exhibits a minimum of around -4.5 MeV at k F = 0.6 fm −1 as can be seen from the results displayed in Fig.3 . Due to the Pauli principle effect discussed above, the binding energy gets less attractive for larger values of k F . The quasi-deuteron states, however, remains up to k F = 1.3 fm −1 , which is just below the empirical value of the saturation density.
The binding energy of the quasi-deuterons in the medium is very sensitive to the c.m. momentum under consideration and decreases very rapidly with increasing c.m. momentum K. Examples for the density profile for quasi-deuteron states are displayed in Fig. 4 as functions of the distance between the nucleons and compared to the corresponding density distribution for the "free" deuteron. The most pronounced difference between the density profiles for the deuteron and the bound-state structures in the nuclear medium are the ripples in the latter. The scale of these ripples is determined by the relative momenta slightly above the Fermi momentum, which dominates the momentum distribution in the wave-functions of these states. The decrease of the density with increasing r, on the other hand, reflects the binding energy of the states and it is weaker for the states with the larger c.m. momentum.
All these bound-state structures in the medium discussed so far have been evaluated assuming a pure kinetic energy for the non-interacting nucleons also in the nuclear medium. Inclusion of the single-particle self-energy tends to reduce the binding energies of the bound-state structures, as the self-energy lowers the density of states around the Fermi energy. The momentum dependence of the self-energy is often expressed in terms of an effective mass m * (see the eq. (25) and discussion below). A detailed evaluation of the single-particle potential yields an enhancement of this effective mass close to the Fermi energy (m * → m), which originates mainly from the energy-dependence of the self-energy (E-mass) [6] (see also discussion below). Therefore the calculations ignoring the effects of the single-particle potential may be not too bad, since the effects of the single-particle potential drops out when they are in the difference E B = E n −2ε F . In fact, while the calculation of the quasi-deuteron in the nuclear medium at k F = 1.0 fm −1 (K = 0) yields an energy of -2.9 MeV when calculated without self-energies included, the corresponding calculation considering the complete momentum-and energy-dependence of the selfenergy yields -1.8 MeV.
While there is only one bound state in the vacuum, the deuteron, in the nuclear medium one may also obtain a bound state in other partial waves. In our calculations, we observe bound states also in the 1 S 0 channel with isospin τ = 1. From the results displayed in Fig. 5 one can see that the CD Bonn interaction yields boundstate configurations in this channel for Fermi momenta k F up to 1 fm −1 with a maximal binding energy of 0.6 MeV, which is considerably weaker than in the case of the quasi-deuteron.
It should be mentioned that the occurrence of quasibound states discussed here typically requires more attractive residual interaction than a corresponding "pairing instability", which has been discussed for the evaluation of the nuclear T -matrix within the theory of selfconsistent Greens function [23] , as the evaluation of this T -matrix also encounters the contribution of hole-hole ladders.
B. Discussion of the single-particle self-energy
One of the major advantages of the present scheme for solving the Bethe-Goldstone equation (20) is its efficiency whenever the reaction matrix is needed for various values of the energy parameter W . Therefore it is very easy with this approach to evaluate the whole energyand momentum-dependence of the real and imaginary part of the single-particle potential or nucleon self-energy U (k 1 , ω) as defined in (24) .
The explicit formula for the self-energy (24) in a case of the angle-averaged Pauli-projector can be rewritten in a form:
where the integration domain Ω(k 1 ) over k and K depends on the sp momentum k 1 value [2] . By using a discrete wave-packet representation for the reaction matrix and also some integration mesh {K n } with weights {∆K n } for the c.m. momentum, the explicit relation takes the form of a discrete sum:
Here matrix elements T js il,il are defined by the eqs. (37). It is straightforward to extract explicitly the HartreeFock part (caused by the bare interactionV only) and the bound-state part from the self-energy by using this explicit formula. We note also that the diagonalization procedure should be done for every value of K n and the matrix elements for different k i andω are calculated by using just the same system of pseudostates of the effective Hamiltonain.
As an example we show in Figs. 6 an 7 the real and the imaginary parts of the self-energy U calculated at k F = 1.3 fm −1 for various sp momenta k 1 and energies ω. The pole structure in the Bethe-Goldstone equation leads to an imaginary part only at energies ω above the Fermi energy ε F , which is around -37 MeV in our example. This pole structure is also important for the energy dependence of the real part of U . It is seen that Re U (k 1 , ω) is decreasing when the energy ω is rising being negative, has a minimum around ω = 0 and then it rises at positive values of ω. As a consequence, the momentum dependence of the single-particle potential U (k 1 , ω) at a fixed value of ω is much stronger than that for the self-consistent definition of the energy variable according to eq. (24) if we consider momenta below or slightly above the Fermi momentum. This is visualized in Fig. 8 , in which we compare results for Re U (k 1 , ω) for different energies ω with a singleparticle potential found self-consistently.
This feature is well known and has been discussed in the literature as an enhancement of the effective mass at the Fermi energy due the energy-dependence of the self-energy or the so-called E-mass effect [6, 24] As another example, we calculate the self-consistent sp potential and the equation of state by using the simple effective mass approximation for the sp energy at each iteration step. However, to check the reliability of this technique, two types of such an approximation have been employed, which differ by the maximal single-particle momentum value k Figs. 9a and b the real and imaginary parts of the sp potentials calculated from self-consistent iterations by using these two approximations in energy terms H 0 are represented. One observes clearly that the shape in these figures is rather similar. The calculation 2, however, yields slightly larger absolute values for the real and imaginary part. The differences seem to be small in this figure. Note, however, that the real part of the selfenergy in calculation 2 is up to 2 MeV more attractive than the corresponding values for calculation 1.
These differences become even more visible in the binding energy dependence of the Fermi momentum k F obtained from the corresponding sp potentials by using the formula (26). In Fig. 10 , we compare the results of our discrete wave-packet technique using the above two approximations 1 and 2 with the results of the fully selfconsistent approach from the refs. [6, 25] , where angleindependent energy terms in the BGE with the exact non-averaged Pauli projector have been used. The agreement of the latter results with the EOS found in the WP approach for the calculation 2 is rather well. While the calculation 1 with a shorter fitting interval for the effective mass approximation results in a smaller binding energy. This reflects a real problem with the effective mass approximation. Thus, we have demonstrated clearly that the diagonalization technique developed here is very useful for evaluation of the Brueckner reaction matrix and the singleparticle spectrum in nuclear matter at various densities. However the accurate treatment of the nuclear matter EOS still requires also calculation of three-and few-body correlation contributions for the binding energy in nuclear matter. This leads to solving complicated threebody equations for the reaction matrix such as the BetheFaddeev ones. A direct solution of the latter equations for realistic N N -and 3N -interactions in fully self-consistent scheme is a very hard task nowadays. However, it seems that some effective three-body Hamiltonian can be defined for the three-body system in the Pauli-allowed subspace (in much the same way as the two-body one from the eq. (32)), so that the diagonalization technique might be generalized for a proper account of three-body correlations as well. Such an approach will simplify enormously the evaluation of three-body force contribution in a traditional scheme.
V. SUMMARY
In the present work, we have demonstrated that the accurate multienergy solution for the Lippmann-Schwinger integral equation for single-and coupled-channel t-matrix can be easily found from the direct single diagonalization procedure for the total Hamiltonian matrix in L 2 basis of the stationary wave packets. This approach has been tested carefully for two particular N N interaction models both for a single-channel and also coupled-channel transition operators. In all the cases, a very good accuracy of the direct diagonalization procedure as compared to solution of the respective integral equation has been attained. Thus, this approach provides a very efficient way for finding the coupled-channel off-shell t-matrix at various energies.
This important feature is especially valuable for solving the few-body scattering problems where the kernel of the Faddeev-like equation includes fully off-shell t-matrix at many energies.
At the next step, we have generalized this approach to a solution of the Bethe-Goldstone integral equation and derived an explicit form of the effective Hamiltonian in the Pauli-allowed two-particle subspace. Thus, the multiple numerical solutions for the Bethe-Goldstone integral equation for the reaction matrix at different values of the relative momentum and energy have been replaced by a single matrix diagonalization of the effective Hamiltonian in the Pauli-allowed subspace which is much simpler and faster.
The method can be extended to modern modifications of the BHF approach which include more complicated forms of the particle and hole propagators (such as the pphh propagator [5] ), non-zero temperature regime etc. Moreover, this direct diagonalization technique might open a door to realiable and accurate treatment of threeand few-body correlations in dense nuclear matter.
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It should be stressed, that the formula (A5) is universal for any Hamiltonian for which the WP states can be constructed. Thus, it is also valid for a free resolvent g 0 (E) eigenvalues in the free WP basis (8) .
The diagonalization procedure for the total Hamiltonian matrix h in free WP basis {|x i } N i=1 results in a finite set of eigenvectors {|z i } N i=1 with the respective eigenenergies {E i }. Assume further that these eigenfunctions are enumerated in order of increasing the eigenvalues. If there is a bound state in the system, the first state |z 1 with negative energy E 1 is assumed to be an approximation for this bound state wave function |z b , while all the other eigenfunctions with positive eiegenvalues are pseudostates representing somehow the total Hamiltonian continuum. It has been shown previously [8] that these normalized pseudostates can be considered as approximations for scattering WPs (rather than approximations for non-normalized scattering wave functions). So that, one can replace exact scattering WP functions in the eq. (A4) with corresponding pseudostates. Finally, the pseudostate-approximation (6) for the total resolvent is found in which the exact eigenvalues (A5) for scattering WPs are used.
The only problem which arises here is how to construct the discretization mesh {ε i } in such a way that pseudostate energies {E i } are coincided with eigenvaluesε i from eq. 
Here the midpointsε i of the reconstructed bins differ a little bit from the exact E i values, however, with increasing the basis dimension, this difference becomes smaller and does not cause visible errors in the whole solution. Thus, the eigenvalues of the total resolvent in the pseudostate basis can be found by using the formula (A5) in which endpoints of the energy intervals are calculated from pseudoenergies E i using the eq. (A7).
Coupled-channel pseudostates and the total resolvent eigenvalues
In case of coupled-channel total Hamiltonianĥ, the scattering wave packets are constructed from the exact scattering wave functions |ψ κ (E) defined in the eigenchannel representation. So, for this purpose, the continuous spectra in eigen channels κ=1 and 2 are divided onto intervals {[ε 
similarly to the one-channel case. Further, one adds the possible bound states and introduces the WP-space for the total coupled-channel Hamiltonian, similarly to one-channel case. At last, one gets the following WP-approximation for the total coupledchannel resolvent
where eigenvalues g κ i (E) are defined by the formula (A5) in which the κ-channel interval bound-points ε κ i should be used.
To treat accurately coupled-channel pseudostates, we have shown previously [8, 14] that the free WP basis states in the initial unperturbed channels (e.g. channels corresponding to the fixed orbital momentum l value) should be constructed in such a way that the free Hamiltonian matrix has multiple discrete eigenvalues [8, 14] . In such a case, the spectrum of the total Hamiltonian matrix h consists of pairs of slightly shifted nearby eigenenergies (except possible bound states). Thus, this spectrum can be separated onto two branches. Finally, these two separated branches of eigenvalues are considered as discretized eigenchannel spectra.
For the two-channel case discussed in the present paper, this separation is done just by dividing the eigenvalues of the total Hamiltonian matrix with even and odd indices. Further, the discretization end-points are built for each of two eigenchannels κ = 1, 2 separately from the eigenvalues E κ i by using the algorithm similar to the single-channel one (A7).
